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[1] Estimation of aerosol direct radiative forcing (DRF) from satellite measurements is
challenging because current satellite sensors do not have the capability of discriminating
between anthropogenic and natural aerosols. We combine 3-hourly cloud properties from
satellite retrievals with two aerosol data sets to calculate the all-sky aerosol direct radiative
effect (DRE), which is the mean radiative perturbation due to the presence of both natural and
anthropogenic aerosols. The first aerosol data set is based uponModerate Resolution Imaging
Spectroradiometer (MODIS) and Model for Atmospheric Transport and Chemistry
(MATCH) assimilation model and is largely constrained byMODIS aerosol optical depth, but
it does not distinguish between anthropogenic and natural aerosols. The other aerosol data set
is based upon the Goddard Chemistry Aerosol Radiation and Transport (GOCART) model,
which does not assimilate aerosol observations but predicts the anthropogenic and natural
components of aerosols. Thus, we can calculate the aerosol DRF using GOCART
classifications of anthropogenic and natural aerosols and the ratio of DRF to DRE. We then
apply this ratio to DRE calculated using MODIS/MATCH aerosols to partition it into DRF
(MODIS/MATCH DRF) by assuming that the anthropogenic fractions from GOCART are
representative. The global (60�N~60�S) mean all-skyMODIS/MATCHDRF is�0.51Wm�2

at the top of the atmosphere (TOA), 2.51Wm�2 within the atmosphere, and �3.02Wm�2 at
the surface. The GOCART all-sky DRF is �0.17Wm�2 at the TOA, 2.02Wm�2 within the
atmosphere, and �2.19Wm�2 at the surface. The differences between MODIS/MATCH
DRF and GOCART DRF are solely due to the differences in aerosol properties, since both
computations use the same cloud properties and surface albedo and the same proportion of
anthropogenic contributions to aerosol DRE. Aerosol optical depths simulated by the
GOCART model are smaller than those in MODIS/MATCH, and aerosols in the GOCART
model are more absorbing than those in MODIS/MATCH. Large difference in all-sky TOA
DRF from these two aerosol data sets highlights the complexity in determining the all-sky
DRF, since the presence of clouds amplifies the sensitivities of DRF to aerosol single-
scattering albedo and aerosol vertical distribution.
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1. Introduction

[2] The solar direct radiative effect (DRE) is the mean radi-
ative flux perturbation due to the presence of aerosols (both
natural and anthropogenic), while the aerosol direct radiative
forcing (DRF) is the anthropogenic component of DRE.

Considerable effort has been dedicated to estimating DRE
under clear-sky conditions from satellite measurements; global
mean clear-sky DRE at the top of the atmosphere (TOA) from
various studies agree reasonably well. Over ocean, the TOA
DRE is �5.5� 0.7Wm�2 (mean� standard deviation), and
over land the TOA DRE is �4.9� 0.45Wm�2 [Yu et al.,
2006, and references therein]. Among those studies of clear-
sky DRE, only Loeb and Manalo-Smith [2005] provided all-
sky DRE over ocean of �1.6 to �2.0Wm�2.
[3] Estimation of aerosol DRF from satellite measure-

ments is more challenging because current satellite sensors
do not have the capability of discriminating anthropogenic
aerosols from natural aerosols. To circumvent this limitation,
two approaches have been commonly used to estimate DRF.
First, fine-mode fraction of aerosol optical depth (AOD; t)
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derived from satellite measurements has been used to quan-
tify anthropogenic aerosols (since anthropogenic aerosols
are predominately submicron). This approach has been used
only over oceans because satellite retrievals of fine-mode
fraction over land has a much larger uncertainty than over
ocean. For example, Kaufman et al. [2005] estimated DRF
over clear ocean using fine-mode fraction of t retrieved from
Moderate Resolution Imaging Spectroradiometer (MODIS).
By combining estimates of the anthropogenic aerosol forcing
efficiency and aerosol DRE over clear ocean, they calculated
the clear-sky DRF as �1.4� 0.4Wm�2. However, MODIS
retrievals of the fine-mode fraction are systematically greater
than the submicron fraction obtained from suborbital mea-
surements [Anderson et al., 2005].
[4] The second approach combines satellite retrievals with

model-simulated aerosol components. Bellouin et al. [2005,
2008] used fine-mode fraction of t from MODIS to approx-
imate anthropogenic fraction over ocean and used five
models to assess the anthropogenic fraction over land. The
anthropogenic fraction is 0.35 over South America and is
0.56 over North America from these model simulations.
They estimated that the global clear-sky aerosol DRF is
�1.9 or �1.3Wm�2 depending upon which MODIS collec-
tions (4 or 5) are used. A more complete list of clear-sky
aerosol DRF estimates is summarized by Yu et al. [2009].
[5] As noted in Yu et al. [2009] (Table 2.7), there are sub-

stantial differences between clear-sky DRF derived from satel-
lite observations andmodel simulations. Over ocean, the mean
satellite-based clear-sky DRF is �1.1� 0.37Wm�2, which is
about a factor of 2 stronger than that from model simulations.
Clear-sky DRFs are more negative over land than over ocean
for both satellite-based estimates and model simulations
because of the larger anthropogenic aerosol fractions over land
than over ocean. Over land, the satellite-based clear-sky DRF
estimates range from �1.8 to �3.3Wm�2, and the model-
simulated mean DRF is �1.1Wm�2. On a global scale
(60�N~60�S), the satellite-based estimates of clear-sky DRF
range from �0.9 to �1.9Wm�2 , while the model-simulated
mean DRF is �0.8Wm�2.
[6] Only a few satellite-based studies estimated the all-sky

DRF. Bellouin et al. [2005] simply scaled the clear-sky DRF
and uncertainty by clear-sky fraction (1 minus cloud fraction)
and derived the global all-sky DRF to be �0.8� 0.1Wm�2;
hence, they implicitly assume that aerosols do not contribute
to DRF in cloudy regions. However, this assumption is only
valid if the cloud albedo is unity and there are no aerosols
above clouds [Liao and Seinfeld, 1998]; and if there are
absorbing aerosols above the clouds, high reflection of the
clouds will cause aerosol DRF to switch sign from negative
to positive [Chylek and Coakley, 1974; Charlock and Sellers,
1980;Haywood and Shine, 1995;Podgorny and Ramanathan,
2001; Bellouin et al., 2008; Chand et al., 2009]. Furthermore,
scaling clear-sky uncertainty to all-sky uncertainty assumes
that uncertainties in cloud properties do not contribute to the
all-sky DRF uncertainty, which oversimplifies the problem
and substantially underestimates the all-sky DRF uncertainty
[Loeb and Su, 2010].
[7] A method that improves upon the Bellouin et al. [2005]

technique was introduced by Chung et al. [2005]. They calcu-
lated clear- and all-sky anthropogenic DRF by incorporating
monthly mean aerosol and cloud properties derived from satel-
lites, ground-based observations, and a chemical transport

model into a radiative transfer model. In their calculation,
aerosol profiles in the boundary layer were assumed to be uni-
form from surface to 3.4 km in the tropics and uniform from
surface to 2 km in the extratropics. Aerosol density is assumed
to decrease exponentially above the boundary layer for the
baseline case. The global annual mean all-sky DRFwas�0.35
Wm�2 for the baseline aerosol profile case, but changing the
vertical profiles of aerosols altered the DRF by� 0.25Wm�2.
Although Chung et al. [2005] considered clouds explicitly in
their DRF estimation, calculating DRF using monthly mean
aerosol and cloud properties is not ideal, since both aerosols
and clouds change on a much shorter temporal scale. Addi-
tionally, they only considered two types of aerosols profiles
(tropics and extratropics) in their calculation, which are not
representative of the regional and seasonal aerosol vertical
distributions.
[8] The satellite-based all-sky DRF estimates differ signifi-

cantly from model simulations provided by the AeroCom
aerosol modeling intercomparison project [Schulz et al.,
2006]. The average all-sky DRF simulated by nine AeroCom
global models is �0.22� 0.16Wm�2. Based upon both mea-
surement and model results, the Intergovernmental Panel on
Climate Change’s (IPCC’s) Fourth Assessment Report
(AR4) listed the all-sky DRF as �0.5Wm�2, with an
uncertainty of 0.4Wm�2 at the 90% confidence level [Forster
et al., 2007]. Recently, Myhre [2009] argued that difference
between satellite-based and model-based DRF is due to the
inconsistency in pre-industrial aerosol optical properties.
Using consistent pre-industrial aerosol properties reduces this
difference, but this reduction in difference is not equivalent
to reduction in uncertainty because his satellite-based
and model-based DRF estimates are not independent of
one another.
[9] In this study, we combine 3-hourly cloud properties

from Clouds and Earth’s Radiant Energy System (CERES)
Synoptic Radiative Fluxes and Clouds (SYN) product with
two aerosol data sets to calculate the clear-sky and all-sky
aerosols DREs. The first aerosol data set is based upon
MODIS aerosol retrieval and an aerosol assimilation model
[Model for Atmospheric Transport and Chemistry
(MATCH)], hereafter refer to as MODIS/MATCH. MATCH
does not distinguish between anthropogenic and natural
aerosols; thus, we cannot determine aerosol DRF from this
data set. The other aerosol data set is based upon the Goddard
Chemistry Aerosol Radiation and Transport (GOCART),
which does not assimilate aerosol measurements but predicts
the anthropogenic and natural components of aerosols. We
therefore can calculate the ratio of DRF to DRE based upon
GOCART aerosol classifications. We then apply this ratio to
DRE calculated using MODIS/MATCH aerosols to partition
it into DRF, assuming the anthropogenic fraction from
GOCART is representative.

2. Data and Methodology

2.1. Cloud Properties

[10] The 3-hourly CERES SYN product (Edition 2)
provides merged cloud properties based uponMODIS [Minnis
et al., 2008, 2011] and geostationary satellite retrievals
[Minnis et al., 1995; Doelling et al., 2013]. To ensure consis-
tent cloud property retrievals from MODIS and geostationary
satellite, each geostationary imager is calibrated against
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MODIS over its entire life span using a ray-matching calibra-
tion technique [Minnis et al., 2002], and the same cloud
retrieval algorithm is used for geostationary imagers and
MODIS. The retrieved cloud properties include cloud fraction,
cloud optical depth, cloud top and base pressure, liquid
particle radius, and ice particle diameter. These properties are
allocated in four layers in the SYN product (below 700hPa,
700–500 hPa, 500–300 hPa, and above 300 hPa).

2.2. Aerosol Properties

[11] We use aerosol properties from two data sets. The first
aerosol data set relies on aerosol optical depths (t) retrieved
from MODIS [Remer et al., 2005] when they are available;
otherwise, t from the Model for Atmospheric Transport and
Chemistry (MATCH) aerosol assimilation [Collins et al.,
2001] are used. MATCH assimilates MODIS t (Collection
4) based upon optimal interpolation approach, which modifies
modeled fields to match observations in a manner consistent
with uncertainties in the modeled and observed t. Thus, aero-
sol optical depths in MODIS/MATCH data are constrained, to
a large extent, byMODIS retrievals. Aerosol compositions are
inferred from the MATCH model because MODIS retrieval
does not provide information on composition. MATCH simu-
lates aerosol species of sulfate, mineral dust, sea salt, black
carbon (BC), and organic carbon (OC). However, MATCH
does not separate anthropogenic from natural aerosols; it is
not possible to derive DRF from this aerosol data set alone.
[12] The second aerosol data set is from GOCART, which

uses assimilated meteorological fields from the Goddard Earth
Observing System Data Assimilation System (GEOS DAS).
GOCART simulates major aerosol types of sulfate, dust, BC,
OC, sea salt, and the precursor gas species of SO2 and
dimethylsulfide (DMS). The model accounts for emissions
from anthropogenic, biomass burning, biogenic, volcanic
sources, wind-blown dust, and sea salt. Aerosol particle sizes
from 0.01 to 10mm are simulated with parameterized hygro-
scopic growth, which is a function of ambient relative humid-
ity. Details of the GOCART model are described in previous
publications [Chin et al., 2002, 2004, 2007, 2009; Ginoux
et al., 2001, 2004]. The major difference between GOCART
and MATCH is that GOCART does not assimilate satellite
retrievals of aerosols.
[13] Aerosol produced from pollution, biomass burning, and

natural sources are labeled in the GOCART model, and it
therefore diagnostically separates anthropogenic from natural
aerosols. The natural aerosols include dust, sea salt, sulfate
from volcanic eruption, and OC from biogenic sources. The
anthropogenic aerosols include sulfate, BC, and OC from
fossil fuel/biofuel combustions, ship and aircraft emissions,
and biomass burning. Therefore, we can derive both aerosol
DRE and DRF from GOCART aerosols.

2.3. Clear-sky and All-sky Aerosol Direct Radiative
Effect and Forcing Calculations

[14] We use 3-hourly cloud properties and daily MODIS/
MATCH aerosol properties in the Fu-Liou correlated-k radia-
tive transfer code [Fu and Liou, 1992, 1993; Rose and
Charlock, 2002] to calculate 3-hourly fluxes at the TOA and
surface. The Fu-Liou model includes optical properties
(extinction, single-scattering albedo, and asymmetry parame-
ter) for different aerosol species. Optical properties for dust
aerosols are adopted from Dubovik et al. [2002]; Sinyuk

et al. [2003], and optical properties for BC, OC, sulfate, and
sea-salt aerosols are adopted from Optical Properties of
Aerosols and Clouds [OPAC, Hess et al., 1998]. Other input
datasets include temperature and humidity profiles from
GEOS (version 4), daily global ozone profiles from Strato-
sphere Monitoring Ozone Blended Analysis (SMOBA) [Yang
et al., 1999], ocean spectral albedos [Jin et al., 2004], and
satellite retrieved broadband surface albedos over land and
snow using a priori surface spectral characteristics (which
agree with MODIS land surface albedos to within 2% [Rutan
et al., 2009]). The radiative transfer calculation provides fluxes
for clear-sky no aerosol, clear-sky, all-sky no-aerosol, and all-
sky conditions. Clear-sky and all-sky aerosol DRE can be
calculated from these fluxes:

DREm
clr ¼ Fm

clr;t � Fclr;p (1)

and

DREm
all ¼ Fm

all;t � Fall;p; (2)

where F is the net flux (downwelling minus upwelling) at
TOA or surface, Fm

clr;t is for clear-sky with total aerosols from
MODIS/MATCH, Fclr,p is for clear-sky without aerosols, Fall,t

is for all-sky with total aerosols from MODIS/MATCH, and
Fall,p is for all-sky without aerosols. Here superscript m
denotes variables calculated using MODIS/MATCH aerosols.
[15] Since MATCH does not separate anthropogenic from

natural aerosols, we cannot derive aerosol DRF from
MODIS/MATCH alone. GOCART, on the other hand, differ-
entiates anthropogenic from natural aerosols. Assuming
the anthropogenic fraction from GOCART is reliable, we
use the anthropogenic aerosol components prescribed by the
GOCART model to partition clear-sky and all-sky DRE
derived from MODIS/MATCH aerosols into clear-sky and
all-sky DRF (Figure 1). However, if GOCART underestimates
the anthropogenic fraction, then our current estimates of DRF
would be too large. Although the following discussion focuses
on deriving the all-sky components, the corresponding clear-
sky components are obtained at the same time.
[16] Run 1: We first run the Fu-Liou model using daily total

aerosol components from GOCART and the same 3-hourly
cloud properties and surface albedo as for the MODIS/
MATCH aerosol runs. Daily aerosol optical depths and verti-
cal profiles of different species from GOCART (including
sulfate, dust, BC, OC, and sea salt) are used in the Fu-Liou
model to calculate the all-sky 3-hourly fluxes with GOCART

total aerosols Fg
all;t

� �
. GOCART all-sky aerosol DRE

DREg
all

� �
is then calculated by the following:

DREg
all ¼ Fg

all;t � Fall;p; (3)

where Fall,p is the all-sky without aerosol net flux, and it is
equivalent to Fall,p in equation (2). Here superscript g
denotes variables calculated using GOCART aerosols.
[17] Run 2: The second time we run Fu-Liou model, we

use only natural aerosol components from GOCART
(including sulfate, dust, OC, and sea salt) and the same
3-hourly cloud properties and surface albedo. This produces
the all-sky 3-hourly flux associated with natural aerosols
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Fg
all;n

� �
. GOCART all-sky aerosol direct radiative forcing

DRFg
all

� �
is calculated by the following:

DRFg
all ¼ Fg

all; t � Fg
all;n: (4)

[18] Derive k: Thus, we can derive the ratio of direct radi-
ative forcing to direct radiative effect associated with the
natural and anthropogenic aerosol components in GOCART
for every 1� � 1� grid box at every time step(3 h):

k ¼ DRFg
all

DREg
all

¼ Fg
all; t � Fg

all;n

Fg
all; t � Fg

all;p

: (5)

[19] We then apply this partition ratio to the all-sky aerosol
DREm

all calculated using MODIS/MATCH to derive the
forcing component:

DRFm
all ¼ k � DREm

all : (6)

[20] The DRE andDRFwithin the atmosphere (atmospheric
absorption) are calculated as the difference between TOA and
surface components. These 3-hourly DRE and DRF are then
averaged to derive the daily, monthly, and annual mean
DRE and DRF at the TOA, within the atmosphere, and at
the surface. Here we use data of 2004 and provide seasonal
and annual results of aerosol DRE and DRF. The four
seasons are December–February (DJF), March–May (MAM),
June–August (JJA), and September–November (SON). Re-
call Chung et al. [2005] used the monthly mean aerosol and
cloud properties and two aerosol vertical profiles in their all-

sky DRF calculations. The fine temporal resolutions of
aerosol and cloud properties together with the more realistic
aerosol profiles used in our study are expected to produce
more accurate DRE and DRF than those presented in Chung
et al. [2005].
[21] An alternative approach could partition the present-day

aerosol optical depth in MODIS/MATCH using the anthropo-
genic fraction prescribed by GOCART (instead of using the k
value discussed above). GOCART provides anthropogenic
fractions for sulfate, BC, and OC aerosols, which can then
be applied to these aerosol components simulated by
MATCH, and thereby derive the natural components in
MODIS/MATCH. To quantify the difference in DRFm

all from
these two methods, we apply the alternative method to 1 July.
The daily mean DRFm

all is �0.51 and �0.53Wm�2 from the
alternative approach and the method that we adopted here
(equation 6). Thus, DRF from these two methods are within
about 4% of each other.

3. Results

3.1. Aerosol Optical Properties

[22] We rely on two aerosol data sets (MODIS/MATCH
and GOCART) to calculate the aerosol DRE and DRF. Since
aerosol DRF is highly sensitive to aerosol optical depth and
single-scattering albedo [Loeb and Su, 2010], we compare
these two properties here. Seasonal aerosol optical depths at
0.55mm in MODIS/MATCH (tm) are shown in Figure 2.
To highlight the aerosol optical depth differences between
MODIS/MATCH and the GOCART model (tg), we show
the seasonal t differences (Δt = tm� tg) in Figure 3. The

SYN 3-hourly 
gridded cloud 
properties and 
surface albedo 

Daily-mean TOTAL AOD and 
vertical profiles from GOCART 

Fu-Liou radiative 
transfer model  

All-sky fluxes for GOCART 
total aerosols and no-aerosols: 

All-sky fluxes for GOCART 
natural aerosols: 

Daily-mean NATURAL AOD and 
vertical profiles from GOCART 

Fu-Liou radiative 
transfer model  

All-sky DRE from 
MODIS/MATCH 

Run 1: Total and pristine aerosols Run 2: Natural aerosols 

DRF m
all = DRE m

all k
Average for daily,     
monthly mean  

Figure 1. Flowchart illustrating the derivation of all-sky aerosol direct radiative forcing by combining
the cloud properties from Clouds and Earth’s Radiant Energy System (CERES) Synoptic Radiative Fluxes
and Clouds (SYN) product with total and natural aerosol compositions from the Goddard Chemistry
Aerosol Radiation and Transport (GOCART) model. k is the partition ratio of aerosol direct radiative
forcing (DRF) to aerosol direct radiative effect (DRE) derived from the GOCART aerosol composition
for every 1� by 1� grid box every 3 h.
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seasonal distributions of Δt reveal that tg are generally smaller
than tm. This is particularly true over South America, southern
Africa, eastern China, and India. For example, tg are smaller
than tm by about 50% over South America and southern Africa.
However, tg are generally larger than tm over northern Africa,
Eastern Europe, and northern Pacific Ocean during the dust out-
break season (MAM) by about 10–20%. Global (60�N~60�S,
same hereafter) seasonal and annual mean tm and tg (Table 1)
show that the differences range from 0.03 in DJF to 0.05 in
JJA. On the annual mean basis, tg is smaller than tm by 0.03
and 0.06 over the global ocean and land, respectively.
[23] Aerosol optical depths from MODIS/MATCH are

validated against Aerosol Robotic Network (AERONET)
measurements (Figure 4a). The locations of the AERONET
sites used for this validation are mostly over land (see Figure 4
in Chin et al. [2009]). The monthly mean t from MODIS/
MATCH is greater than that from AERONET by about

38%, which agrees with the MODIS validation results over
land [Remer et al., 2005]. Similar validation for GOCART
indicates that GOCART underestimates t by about 8% [Chin
et al., 2009].Validation of MODIS AOD over ocean against
oceanic AERONET sites indicates that the agreement is within
1% [Remer et al., 2005].
[24] Aerosols in these two data sets have different composi-

tions.We show seasonal single-scattering albedo at 0.55mmof
MODIS/MATCH aerosols (om) in Figure 5. Large absorption
(small om) occurs over biomass burning regions, industrial
regions, and dust regions. These absorbing aerosols are
transported to the adjacent oceans resulting in relatively low
om. The single-scattering albedo differences between
MODIS/MATCH and GOCART (Δo=om�og) are shown
in Figure 6. Although global mean om is only about 0.01–
0.02 larger thanog (aerosols in GOCART are more absorbing,
see Table 1), some regional differences are up to 0.05.

a)

c) d)

b)

Figure 2. Global distributions of seasonal aerosol optical depth in 2004 from Moderate Resolution Im-
aging Spectroradiometer/Model for Atmospheric Transport and Chemistry (MODIS/MATCH) for (a)
DJF, (b) MAM, (c) JJA, and (d) SON.

a)

c) d)

b)

Figure 3. Global distributions of seasonal aerosol optical depth difference in 2004 between MODIS/
MATCH and the GOCART model for (a) DJF, (b) MAM, (c) JJA, and (d) SON.
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GOCART aerosols are more absorbing thanMODIS/MATCH
aerosols over Southeast Asia, midlatitude Pacific Ocean, In-
dian Ocean, and southern Africa but are less absorbing over
South America, tropical Pacific Ocean, and Western Europe.
[25] We validated the absorbing aerosol optical depth

(tabs = t� (1�o)) against the AERONET retrievals. The
monthly mean tabs from MODIS/MATCH is smaller than
tabs from AERONET retrievals by about 48% (Figure 4b).

Similar validation indicates that tabs from GOCART is on
average smaller than tabs from AERONET by 12% [Chin
et al., 2009]. Assuming these AERONET validation results
are applicable to global land regions, insufficient absorption
in both aerosol datasets indicates an overestimation of the
cooling effect of TOA DRE/DRF over land.
[26] As we mentioned earlier, optical properties of “water-

soluble” species in OPAC are used to approximate the optical

Table 1. Global (60�N~60�S) seasonal and annual mean aerosol optical depths and single-scattering albedos from Moderate Resolution
Imaging Spectroradiometer/Model for Atmospheric Transport and Chemistry (MODIS/MATCH) (tm, om) and from Goddard Chemistry
Aerosol Radiation and Transport (GOCART) (tg, og), and the anthropogenic fractions predicted by GOCART (�)1

DJF MAM JJA SON Annual

Global Global Ocean Land NH SH

tm 0.15 0.19 0.20 0.17 0.18 0.14 0.28 0.23 0.13
tg 0.12 0.15 0.15 0.13 0.14 0.11 0.22 0.19 0.09
om 0.97 0.97 0.97 0.96 0.97 0.97 0.95 0.97 0.97
og 0.96 0.96 0.95 0.95 0.96 0.96 0.94 0.96 0.96
� (%) 41.8 34.5 41.5 47.3 41.2 37.7 44.2 40.3 42.1

1Annual mean tm, tg,om,og, and � are also listed separately over global ocean, land, Northern Hemisphere (NH), and Southern Hemisphere (SH).
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Figure 4. Comparisons of (a) aerosol optical depth and (b) absorbing aerosol optical depth at 0.55 mm
between Aerosol Robotic Network (AERONET) and MATCH for 2004. Each point represents the
monthly average. Locations of the AERONET sites are shown in Figure 4 of (Chin et al., 2009).

a)

c) d)

b)

Figure 5. Global distributions of seasonal aerosol single-scattering albedo in 2004 from MODIS/
MATCH for (a) DJF, (b) MAM, (c) JJA, and (d) SON.
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properties of OC. Thus, the dry complex refractive index of
our organic aerosol species is 1.53–0.006i at the 0.550mm
wavelength, and the single-scatter albedo varies with relative
humidity from 0.96–1.0. Although an imaginary refractive
index of 0.006 does not result in a highly absorbing OC aero-
sol at this wavelength, we note that this is the upper end of
values implemented for OC in seven aerosol transport models
surveyed by Kinne et al. [2003]. It is also consistent with the
Kanakidou et al. [2005] review, who quote single-scattering
albedo (SSA) = 0.94–1.0 from various sources. Chakrabarty
et al. [2010] also obtained SSAs from 0.96–0.98 at 532 nm
for brown carbon tar balls generated with Ponderosa Pine duff
and Alaskan tundra duff. Additionally, [Hoffer et al., 2006]
isolated humic-like substance from biomass burning aerosols
in the Amazon basin and deduced imaginary refractive indices
of 0.0016–0.0019 and SSA values of 0.98–0.99 at 0.532mm.
[27] However, some recent measurements indicate that OC

can be significantly more absorbing than the OPAC water-
soluble aerosol species at midvisible wavelengths. For
instance, Kirchstetter et al. [2004] deduced an imaginary
refractive index of k=0.03 for OC extracted from wood burn-
ing smoke and South African biomass smoke. Even more
startling, Alexander et al. [2008] used transmission electron
microscopy to observe imaginary refractive indices as high
as 0.27 and SSAs as low as 0.44 for large brown carbon tar
balls (~0.2mmdiameter) in the East Asian Outflow. Separation
of OC absorption from BC absorption is generally difficult, so
optical measurements that isolate OC from BC are rare.
Biomass smoke is often associated with OC, but the absorp-
tion of biomass burning is sensitive to the fuel type and the
OC/BC ratio (absorption increases as the OC/BC ratio
decreases; Schnaiter et al. [2006]; Levin et al. [2010]). Thus,
the Kirchstetter et al. [2004] and Alexander et al. [2008]
refractive indices do not necessarily represent an appropriate
global OC climatology.
[28] Additionally, we rely on GOCART to prescribe the

anthropogenic fraction (�), which is defined as the ratio of
anthropogenic tg to total tg. GOCART predicts high � over
populated continents and over biomass burning regions of
South America and southern Africa (Figure 7). Substantial

anthropogenic influences are also seen over North Pacific,
North Atlantic, Arabian Sea, and Bay of Bengal because of
the outflow from industrial pollution and over South Atlantic
from biomass burning. The highest � occurs during SON
and the smallest during MAM (Table 1). This is because
SON is the strongest biomass burning season, while biomass
burning in MAM is the weakest. The global annual mean �
is 41% from the GOCART model, with greater anthropo-
genic impact over land (44%) than over ocean (38%).
[29] The aerosol vertical distributions from GOCART and

MATCH differ from that derived from Cloud-Aerosol Lidar
with Orthogonal Polarization (CALIPSO) layer product. Both
models generally place aerosols at higher altitude than
CALIPSO retrievals [Yu et al., 2010; Koffi et al., 2012]. For
example, mean extinction heights of GOCART and MATCH
are higher than those from CALIPSO by about 0.3 and
0.5 km over southern Africa and by about 0.5 and 0.9 km over
South America [Koffi et al., 2012]. Note that CALIPSO does
not have the capability to differentiate absorbing aerosols from
scattering aerosols. If we assume that the vertical distribution
differences seen in total aerosols are representative for the
absorbing components, then relying on the aerosol vertical
distributions prescribed by the models will overestimate the
warming effects of the absorbing aerosols and therefore under-
estimate the total cooling effect of aerosols.

3.2. Aerosol Direct Radiative Effect

[30] Clear-sky aerosol DREs are calculated based upon
MODIS/MATCH and GOCART aerosols. All-sky aerosol
DRE for these two aerosol data sets are calculated using
3-hourly cloud properties from the CERES SYN product.

3.2.1. Clear-sky Aerosol Direct Radiative Effect
[31] Table 2 summarizes the clear-sky DRE from MODIS/

MATCH DREm
clr

� �
and from the GOCART model DREg

clr

� �
.

Global mean DREm
clr are greater than DREg

clr by about 28%
(1.3Wm�2), 12% (0.4Wm� 2), and 22% (1.6Wm�2) at the
TOA, within the atmosphere, and at the surface. Largest
differences occur over the Southern Hemisphere (SH). For

a) b)

d)c)

Figure 6. Global distributions of seasonal aerosol single-scattering albedo difference in 2004 between
MODIS/MATCH and the GOCART model for (a) DJF, (b) MAM, (c) JJA, and (d) SON.

SU ET AL.: ALL-SKY AEROSOL DIRECT RADIATIVE FORCING

661



bothDREm
clr andDRE

g
clr, the aerosol DREs over land are greater

than those over ocean, and aerosol DREs over Northern Hemi-
sphere (NH) are greater than those over SH because large
aerosol sources exist over NH land [Charlson et al., 1992]. It
is not surprising to see thatDREm

clr is greater thanDRE
g
clr, since

tm is greater than tg (Table 1). Additionally, the aerosol
absorptions used in these two data sets are also different
(Table 1), which could also contribute a secondary effect to
the differences between DREm

clr and DREg
clr.

[32] Over clear ocean, our observational-based TOA
DREm

clr is �5.2Wm�2, which is in good agreement with
the mean DRE of �5.5Wm�2 from published observa-
tional-based estimations [Yu et al., 2009, and references
therein]. The surface DREm

clr is �7.2Wm�2, while other
observational-based surface DRE ranges from �7.7 to
�11.1Wm�2 [Yu et al., 2009]. Interestingly, the lower end
of the surface DRE (�7.7Wm�2) from Bellouin et al. [2003]
was derived using AERONET retrievals of aerosol absorption
as a constraint. Other estimates which produce large surface
cooling [Yu et al., 2004, 2006] rely on OPAC for aerosol
absorption. Numerous studies have pointed out that dust
absorption in the OPAC model is overestimated [Kaufman
et al., 2001; Dubovik et al., 2002; Sinyuk et al., 2003;
Cattrall et al., 2003], and when OPAC dust absorption is
replaced by AERONET dust absorption, the surface cooling
is reduced by 0.9Wm�2 [Yu et al., 2004].

[33] Over clear land, our observational-based DREm
clr

shows much stronger cooling effects than those summarized
in Yu et al. [2006] at the TOA and the surface. However, the
atmospheric absorptions are comparable. The annual mean
tm over land (Table 1) is larger than the aerosol optical
depths (range from 0.19 to 0.23) from Yu et al. [2006],
and our AERONET-based dust model is less absorptive
than the OPAC dust model used in Yu et al. [2006]. The
combination of smaller t and more absorbing aerosols in
Yu et al., [2006] than in our study results in comparable
atmospheric absorptions. If the validations over land AERO-
NET sites (mostly over North America and Europe) are
representative for global land, the GOCART DRE over land
would be more reliable. Aerosol optical depths from MODIS
over ocean agree fairly well with the oceanic AERONET
sites [Remer et al., 2005]. If this is representative over global
ocean, the MODIS DRE over ocean is more accurate.

[34] Global distributions of clear-sky DREs for JJA 2004
derived using MODIS/MATCH aerosols are shown in
Figures , 8a–8c. The clear-sky TOA DREs (Figure 8a) indi-
cate large coolings over high tm regions (Figure 2c). Dust
outbreaks and biomass burning in Africa result in TOA cool-
ing over �10Wm�2 and extend over the Atlantic Ocean to
Central America. We also observe clear-sky TOA DREs as
large as �20Wm�2 over India, the Arabian Sea, and eastern
China. In some regions of northern Pacific, aerosol DRE is

a)

c)

b)

d)

Figure 7. Global distributions of seasonal anthropogenic fraction in 2004 predicted by the GOCART
model for (a) DJF, (b) MAM, (c) JJA, and (d) SON.

Table 2. Annual mean clear-sky direct aerosol radiative effect (Wm�2) at the top of atmosphere, within the atmosphere, and at the surface
derived using MODIS/MATCH aerosols DREm

clr

� �
and GOCART aerosols DREg

clr

� �
over the globe, ocean, land, Northern Hemisphere

(NH), and Southern Hemisphere (SH)1

Global Ocean Land NH SH

DREm
clr DREg

clr DREm
clr DREg

clr DREm
clr DREg

clr DREm
clr DREg

clr DREm
clr DREg

clr

TOA �5.76 �4.49 �5.23 �4.03 �7.18 �5.71 �7.03 �6.07 �4.52 �2.96
Atmos 3.37 3.01 1.96 1.94 7.06 5.83 4.27 4.21 2.48 1.83
Sfc �9.13 �7.50 �7.19 �5.97 �14.23 �11.54 �11.30 �10.28 �7.00 �4.79

TOA, top of the atmosphere.
1Mean values are calculated from 60�N to 60�S.
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up to �10WmWm�2 because of the transport of Asian
aerosols. The global mean clear-sky TOA aerosol DRE is
�6.3Wm�2 during JJA. The surface aerosol DRE is negative
(cooling effect, Figure 8c), and its distribution is very similar
to that of TOA DRE. The global mean clear-sky surface
DRE is �10.2Wm�2 for this season. Within the atmosphere,
large aerosol absorptions over biomass burning regions
of Africa and South America, over heavily polluted regions
of eastern China and India, and over dust outbreak regions of
Africa and the Middle East all result in atmospheric warming
of over 10Wm�2 (Figure 8b). The global mean clear-sky
atmospheric aerosol absorption is 3.9Wm�2.

3.2.2. All-sky Aerosol Direct Radiative Effect
[35] The all-sky components of the aerosol DRE are listed in

Table 3. We first discuss clouds’ effect on DRE by comparing
the all-sky and clear-sky DRE and explain the deficiency of

the scaling method. We then illustrate the aerosols’ effect on
all-sky DRE by comparing the distributions of all-sky DRE
derived from MODIS/MATCH and GOCART aerosols.
[36] The presence of clouds reduces the global TOA

aerosol DRE, and the percentage reduction is greater over
ocean than over land. This is because the cloud fraction over
ocean is about 5–15% greater than over land [Stubenrauch
et al., 2009]. Globally, the DREm

all and DREg
all are about

53% and 43% of their clear-sky components. Clouds reduce
the clear-sky DRE by different percentage because the
aerosol vertical distribution and absorption are different
in these two aerosol data sets. Recall that some studies
approximate the all-sky DRE by scaling the clear-sky
DRE with clear-sky fraction (DREscl =DREclr� (1� f), f is
the cloud fraction). For 2004, the global annual mean
f = 66%. If we use the scaling method, the all-sky DRE
would be about 34% of the clear-sky DRE. Therefore, the
scaling method would underestimate the all-sky DRE by
9–19% (0.7–1.0Wm�2, depending on the aerosol inputs).
[37] Furthermore, the presence of clouds also changes the

distribution of DRE. In stark contrast to clear-sky TOA
DREm

clr (Figure 8a), the all-sky DRE
m
all (Figure 9a) is positive

over biomass burning regions of southern Africa and South
America. This is because when absorbing aerosols are over
highly reflective clouds, the radiative effect of absorbing
aerosols changes from cooling to warming [Chylek and
Coakley, 1974; Charlock and Sellers, 1980; Haywood and
Shine, 1995; Podgorny and Ramanathan, 2001; Bellouin
et al., 2008; Chand et al., 2009]. The all-sky TOA DREm

all
shows a smaller cooling effect than clear-sky DREm

clr over
dust outbreak regions of Africa and Middle East and over
heavily polluted regions of India and eastern China. The
global mean all-sky TOA aerosol DRE is �3.4Wm�2,
which is about half of the clear-sky TOA DRE.
[38] Comparing the distributions of TOADREm

all (explicitly
account for clouds in the atmosphere) and DREscl (simply
scale DREm

clr by clear-sky fraction), we note that over regions
where aerosols are predominately absorbing,DREm

all indicates
warming effect, whereas DREscl indicates cooling effect
(not shown). Over regions where aerosols are predominately
non-absorbing, DREm

all indicates stronger cooling effect than
DREscl. In this case, aerosols increase the reflection of the
cloudy column.
[39] The presence of clouds reduces the surface cooling by

about 30% (to �7.2Wm�2, Figures 8c and 9c). However,
clouds have very little effect on atmospheric aerosol absorp-
tion, the global mean absorption is only 0.1Wm�2 different
from its clear-sky counterpart (Figures 8b and 9b). This is
because for aerosols above clouds, the presence of clouds
increases the absorption, while for aerosols below clouds,
the presence of clouds decreases the absorption.
[40] All-sky DREs calculated using MODIS/MATCH aero-

sols differ from those calculated using GOCART aerosols by
38% (1.2Wm�2), 10% (0.3Wm�2), and 24% (1.5Wm�2) at
the TOA, within the atmosphere, and at the surface under
all-sky conditions (Table 3). Recall both DRE calculations
use the same cloud properties. Comparing global distributions
ofDREm

all andDRE
g
all at the TOA for JJA 2004 (Figures 9a and

9d), we notice that DREg
all shows warming effect over the

northern Pacific Ocean and over the Tibetan Plateau, while
DREm

all indicates cooling effect over these regions. However,

a)

b)

c)

MODIS/MACTH

Figure 8. Global distributions of clear-sky aerosol direct
radiative effect (Wm�2) from MODIS/MATCH aerosols
(a) at the top of the atmosphere (TOA) (gray color indicates
DRE is within �0.25Wm�2), (b) within the atmosphere
(gray color indicates atmospheric absorption is less than
1Wm�2), and (c) at the surface (gray color indicates surface
cooling is less than 1Wm�2) for JJA 2004.
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over biomass burning regions of South America, the reverse is
true. Over heavily polluted regions of eastern China, India, and
North America, DREm

all predicts stronger cooling effect than
DREg

all . These differences in DREm
all and DREg

all can partly
be explained by ΔΩ (Figure 6c). Under all-sky conditions,
more absorbing aerosols will lead to less cooling effects if they
are below the clouds but will lead to more warming effects if
they are above the clouds. At the surface, DRFm

all indicates
stronger surface cooling than DRFg

all except over northern
Pacific, part of Europe, and northern Africa and off the west
coast of northern Africa. Within the atmosphere, DREm

all
indicates stronger atmospheric absorption than DREg

all over
biomass burning regions of South America, southern Africa,
and Indonesia. This is also true over eastern United States,
India, and Eastern Europe.

3.3. Aerosol Direct Radiative Forcing

[41] Based upon the anthropogenic and natural aerosols
prescribed by GOCART, we calculate the GOCART DRF
and the partition ratio k=DRF/DRE for every 1� � 1� grid
box every 3 h under clear-sky and all-sky conditions. This
partition ratio is then applied to MODIS/MATCH DRE to
derive the forcing components.
3.3.1. Clear-sky Aerosol Direct Radiative Forcing
[42] The annual mean clear-sky DRFs are listed in Table 4.

Over ocean, the MODIS/MATCH DRF DRFm
clr

� �
at the TOA

is �1.4Wm�2, which is consistent with other observational-
based estimates of �1.1� 0.37Wm�2 [Kaufman et al.,
2005; Bellouin et al., 2005, 2008; Yu et al., 2006; Quaas
et al., 2008; Matsui and Pielke, 2006; Christopher et al.,
2006; Zhao et al., 2008]. The GOCART DRF DRFg

clr

� �
at

Table 3. Annual mean all-sky direct aerosol radiative effect (Wm�2) at the top-of-atmosphere, within the atmosphere, and at the surface
derived using MODIS/MATCH aerosols DREm

all

� �
and GOCART aerosols DREg

all

� �
by explicitly accounting for clouds in the atmosphere

over the globe, ocean, land, Northern Hemisphere (NH), and Southern Hemisphere (SH)1

Global Ocean Land NH SH

DREm
all DREg

all DREm
all DREg

all DREm
all DREg

all DREm
all DREg

all DREm
all DREg

all

TOA �3.08 �1.92 �2.74 �1.55 �3.98 �2.87 �3.94 �2.85 �2.23 �1.00
Atmos 3.25 2.91 1.91 1.95 6.76 5.42 4.11 4.01 2.41 1.83
Sfc �6.33 �4.83 �4.65 �3.51 �10.74 �8.30 �8.05 �6.86 �4.64 �2.83

1Mean values are calculated from 60�N to 60�S.

a)

b)

c)

d)

e)

f)

MODIS/MACTH DRE GOCART DRE

Figure 9. All-sky aerosol direct radiative effect (Wm�2) for JJA 2004 at (a and d) the TOA (gray color indi-
cates DRE is within�0.25Wm�2), (b and e) within the atmosphere (gray indicates atmospheric absorption is
less than 1Wm�2), and (c and f) at the surface (gray indicates surface cooling is less than 1Wm�2). The left
panels are from MODIS/MATCH aerosols, and the right panels are from GOCART aerosols.
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the TOA is �1.1Wm�2, while the multimodel mean TOA
DRF is �0.6Wm�2 [Schulz et al., 2006]. Note that the DRF
in Schulz et al. [2006] is the difference between present day
(2000) and pre-industrial (1750), whereas DRF in this study
is the difference between total and natural aerosols. Over land,
the TOA DRFm

clr is about �2.0Wm�2, which is within the
range (from �1.8 to �3.3Wm�2) of DRFs provided by a
few studies [Yu et al., 2006; Quaas et al., 2008; Bellouin
et al., 2008]. The GOCART-based TOA DRFg

clr is �1.5
Wm�2, while the multimodel mean TOA DRF over land is
about�1.1Wm�2 [Schulz et al., 2006]. Assuming the AERO-
NET validation results (Figure 4) are applicable to the anthro-
pogenic fractions, we expect thatDRFg

clr is more accurate than
DRFm

clr over land. At the surface, our global mean DRFm
clr of�4.1Wm�2 is on the low end of observational-based mean

surface DRF [from �4.2 to 5.1Wm�2, Yu et al., 2004;
Bellouin et al., 2005; Chung et al., 2005; Matsui and Pielke,
2006], and the GOCART value is even lower (�3.3Wm�2).
The surface cooling is stronger over land than over ocean,
stronger over NH than over SH.

3.3.2. All-sky Aerosol Direct Radiative Forcing

[43] The annual mean all-sky DRFs are listed in Table 5.
Our observational-based global meanDRFm

all is�0.51Wm�2

at the TOA, while previous observational-based estimates
indicate that all-sky DRF ranges from �0.35 to �0.65
Wm�2 [Chung et al., 2005; Bellouin et al., 2008]. The
GOCART model-based TOA all-sky DRF is �0.17Wm�2,
while the multimodel mean is �0.22Wm�2 [Schulz et al.,
2006]. To understand the difference between these two aero-
sol DRFs calculated from MODIS/MATCH and GOCART,
we list the seasonal and annual mean TOA DRFm

all and
DRFg

all over the globe and the 13 regions defined in Figure 10
in Table 6, and the corresponding surface values are listed in
Table 7. We focus on the JJA distributions of DRFm

all and
DRFg

all in detail below (Figure 11).

[44] In JJA, the TOA DRFg
all shows significant warming

over the northern Pacific and northern Atlantic Ocean, while
DRFm

all indicates cooling over these regions (Figures 11a and
11d). Furthermore, DRFg

all shows more warming than DRFm
all

over Tibet and off the west coast of southern Africa. All these
regions correspond to a positive Δo difference (aerosols in
GOCART are more absorbing, Figure 6c). However, DRFg

all
shows smaller warming effect than DRFm

all over South
America, where a negative Δo is observed (Figure 6c). For
regions where substantial cooling are observed, DRFm

all pro-
duces stronger cooling than DRFg

all . These regions include
the east coast of the United States, the east coast of China,
India, and over Indonesia, where tm is greater than tg
(Figure 3c). Overall, the global mean TOA DRFm

all is �0.52
Wm�2, while DRFg

all is �0.16Wm�2 for this season. At the
surface, DRFm

all produces stronger cooling than DRF
g
all almost

everywhere (Figures 11c and 11f), except over northern
Pacific Ocean and off the west coast of Africa possibly due
to stronger absorptions predicted by GOCART (Figure 6c).
Within the atmosphere, DRFg

all shows more atmospheric
absorption than DRFm

all over northern Pacific and northern
Atlantic but shows less atmospheric absorption over eastern
United States, South America, Eastern Europe, India, and
Indonesia (Figures 11b and 11e).
[45] For every season, more regions exhibit warming

effects in TOA DRFg
all than in DRFm

all . Additionally, over
regions that are heavily polluted, TOADRFg

all shows smaller
cooling effect thanDRFm

all. Therefore, the combined stronger
warming and weaker cooling effects result in smaller cool-
ing effect in the seasonal and annual mean TOADRFg

all than
in DRFm

all (by a factor of 2 to 6). Note that we derive DRFm
all

and DRFg
all using the same cloud properties and surface

albedo; thus, the differences in TOA DRF are all due
to the differences in aerosol properties. Comparing
the clear-sky and all-sky MODIS/MATCH DRFs with
GOCART DRFs, although the presence of clouds reduces

Table 5. Annual mean all-sky direct aerosol radiative forcing (Wm�2) at the top-of-atmosphere, within the atmosphere, and at the surface
derived from MODIS/MATCH aerosols DRFm

all

� �
and from GOCART aerosols DRFg

all

� �
by explicitly accounting for clouds in the

atmosphere over the globe, ocean, land, Northern Hemisphere (NH), and Southern Hemisphere (SH)1

Global Ocean Land NH SH

DRFm
all DRFg

all DRFm
all DRFg

all DRFm
all DRFg

all DRFm
all DRFg

all DRFm
all DRFg

all

TOA �0.51 �0.17 �0.49 �0.15 �0.57 �0.23 �0.67 �0.29 �0.35 �0.06
Atmos 2.51 2.02 1.78 1.53 4.45 3.30 2.70 2.36 2.34 1.68
Sfc �3.02 �2.19 �2.27 �1.68 �5.02 �3.53 �3.37 �2.65 �2.69 �1.74

1Mean values are calculated from 60�N to 60�S.

Table 4. Annual mean clear-sky direct aerosol radiative forcing (Wm�2) at the top-of-atmosphere, within the atmosphere, and at the sur-
face derived from MODIS/MATCH aerosols DRFm

clr

� �
and from GOCART DRFg

clr

� �
over the globe, ocean, land, Northern Hemisphere

(NH), and Southern Hemisphere (SH)1

Global Ocean Land NH SH

DRFm
clr DRFg

clr DRFm
clr DRFg

clr DRFm
clr DRFg

clr DRFm
clr DRFg

clr DRFm
clr DRFg

clr

TOA �1.55 �1.19 �1.39 �1.08 �1.98 �1.50 �1.86 �1.53 �1.25 �0.86
Atmos 2.57 2.07 1.74 1.49 4.75 3.59 2.81 2.49 2.34 1.65
Sfc �4.12 �3.26 �3.13 �2.56 �6.72 �5.09 �4.67 �4.03 �3.59 �2.51

1Mean values are calculated from 60�N to 60�S.
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the magnitude of both, the differences between them
( DRFg

clr � DRFm
clr and DRFg

all � DRFm
all ) remain almost

unchanged. This is not surprising because under all-sky con-
ditions the DRF is more sensitive to aerosol single-scattering
albedo and aerosol vertical distribution than under clear-sky
conditions [Loeb and Su, 2010]. We emphasize that the
difference between DRFm

all and DRFg
all should not be used

to represent the uncertainty in all-sky DRF, as they are not
entirely independent(both use the same clouds and both
apply same mapping of all-sky DRE to DRF).

4. Summary

[46] We combine 3-hourly cloud properties from CERES
SYN product with two aerosol data sets to calculate the
clear-sky and all-sky aerosol DREs. The first aerosol data set
is based upon MODIS aerosol optical depth retrieval and
MATCH aerosol assimilation model (which assimilates
MODIS aerosol optical depth); thus, this data set is largely
constrained by MODIS aerosol optical depth. However,
MATCH does not separate anthropogenic from natural aero-
sols, and we cannot calculate DRF from MODIS/MATCH
alone. The other aerosol data set is based upon the GOCART
model. The GOCART model predicts the anthropogenic and
natural components of aerosols, and we therefore can calculate
the aerosol DRF using GOCART. By assuming that the
anthropogenic fractions from GOCART are correct, we thus
apply the ratio of DRF to DRE based upon GOCART aerosol
classifications to DRE calculated using MODIS/MATCH
aerosols to partition it into DRF.

Figure 10. Locations of the 13 regions listed in Tables 6
and 7.

Table 6. Seasonal and annual mean all-sky direct aerosol radiative forcing (Wm�2) at the top-of-atmosphere derived from the MODIS/
MATCH aerosols (DRFmall) and GOCART aerosols (DRFgall) over regions from 60�N~60�S and the 13 regions defined in Figure 10.

DJF MAM JJA SON ANN

DRFmall DRFgall DRFmall DRFgall DRFmall DRFgall DRFmall DRFgall DRFmall DRFgall

60–60 �0.47 �0.24 �0.44 �0.18 �0.52 �0.16 �0.60 �0.10 �0.51 �0.17
1 �0.14 0.01 �0.34 0.21 �0.78 0.43 �0.34 0.02 �0.40 0.17
2 �0.24 �0.07 �0.68 �0.22 �1.36 �0.41 �0.59 �0.26 �0.72 �0.24
3 �0.02 �0.06 �0.55 �0.69 �1.26 �1.10 �0.57 �0.58 �0.60 �0.61
4 �0.17 �0.05 �0.55 �0.12 �1.26 �0.01 �0.68 �0.30 �0.67 �0.12
5 �0.31 �0.14 �0.44 �0.19 �0.36 �0.15 �0.41 �0.22 �0.38 �0.17
6 �0.78 �0.61 �0.54 �0.38 �0.60 �0.42 �0.60 �0.38 �0.63 �0.45
7 �1.20 �0.83 �0.44 �0.14 �0.35 �0.03 �0.89 �0.35 �0.72 �0.34
8 �1.10 �0.53 �1.40 �0.37 �0.99 �0.34 �1.38 �0.69 �1.22 �0.48
9 �0.25 �0.10 �0.20 �0.09 �0.09 �0.02 �0.30 �0.06 �0.21 �0.07
10 �0.77 �0.55 �0.46 �0.28 �0.34 �0.37 �0.10 0.26 �0.42 �0.24
11 �0.77 �0.42 �0.41 �0.13 �0.37 �0.06 �0.51 0.07 �0.52 �0.13
12 �0.60 �0.21 �0.42 �0.16 �0.45 �0.20 �1.46 �0.55 �0.73 �0.28
13 �0.12 0.04 �0.09 �0.04 �0.07 0.05 �0.34 0.47 �0.15 0.13

Table 7. Seasonal and annual mean all-sky direct aerosol radiative forcing (Wm�2) at the surface derived from MODIS/MATCH aerosols
(DRFmall) and GOCART aerosols (DRFgall) over regions from 60�N~60�S and the 13 regions defined in Figure 10.

DJF MAM JJA SON ANN

DRFmall DRFgall DRFmall DRFgall DRFmall DRFgall DRFmall DRFgall DRFmall DRFgall

60–60 �2.55 �1.79 �2.63 �1.93 �3.34 �2.51 �3.57 �2.53 �3.02 �2.19
1 �0.67 �0.61 �2.28 �2.77 �3.33 �2.85 �1.43 �1.08 �1.93 �1.83
2 �0.88 �0.65 �2.55 �2.70 �4.07 �3.08 �1.72 �1.28 �2.30 �1.93
3 �1.07 �0.92 �3.04 �3.55 �5.47 �4.74 �2.43 �2.07 �3.00 �2.82
4 �1.80 �1.55 �3.70 �4.75 �5.20 �5.13 �3.00 �2.57 �3.43 �3.50
5 �1.73 �0.78 �2.92 �1.81 �1.94 �1.13 �1.82 �1.02 �2.10 �1.19
6 �4.62 �3.56 �3.52 �2.26 �3.33 �2.46 �3.06 �2.06 �3.63 �2.59
7 �7.19 �6.19 �4.90 �3.00 �4.95 �4.21 �4.81 �3.16 �5.46 �4.14
8 �4.26 �2.49 �6.20 �4.81 �3.64 �2.82 �4.27 �2.82 �4.59 �3.24
9 �1.17 �0.52 �0.90 �0.33 �1.20 �0.52 �2.15 �1.35 �1.36 �0.68
10 �4.37 �2.83 �2.88 �1.21 �5.80 �3.90 �8.29 �5.56 �5.33 �3.38
11 �3.98 �2.79 �3.48 �1.43 �7.63 �5.33 �7.49 �4.42 �5.64 �3.49
12 �2.03 �1.08 �1.69 �0.72 �2.75 �1.16 �6.00 �3.94 �3.12 �1.72
13 �0.98 �0.64 �0.46 �0.30 �0.54 �0.49 �1.87 �1.95 �0.96 �0.84

SU ET AL.: ALL-SKY AEROSOL DIRECT RADIATIVE FORCING

666



[47] Under clear-sky conditions, the global mean MODIS/
MATCH DRFs are �1.55, 2.57, and �4.12Wm�2 at the
TOA, within the atmosphere, and at the surface. The
corresponding GOCART DRFs are �1.19, 2.07, and �3.26
Wm�2. The TOA DRF from MODIS/MATCH aerosols is
within the range of published observational-based estimates,
although the surface DRF is slightly smaller than published
observational-based estimates. Our GOCART model-based
TOA DRF indicates stronger cooling effects than published
model-based DRF estimates.
[48] The all-sky DRFs based upon MODIS/MATCH

aerosols are �0.51Wm�2 at the TOA, 2.51Wm�2 within
the atmosphere, and �3.02Wm�2 at the surface. The
GOCART model-based DRFs are �0.17Wm�2 at the TOA,
2.02Wm�2 within the atmosphere, and �2.19Wm�2 at the
surface. The differences between these two DRFs are
solely due to the differences in aerosol properties, since they
are both derived using the same cloud properties and surface
albedos and the same assumption about natural and
anthropogenic contributions to the radiative effects of aerosols.
We attribute the differences between MODIS/MATCH DRF
and GOCART DRF to the smaller aerosol optical depths
in the GOCART model than in the MODIS/MATCH; also,
the aerosols in the GOCART model are more absorbing and
possibly placed at a higher altitude than in MODIS/MATCH.
[49] Comparing the clear-sky and all-sky MODIS/MATCH

DRFs with GOCART DRFs, we notice that the presence of

clouds greatly deteriorates the agreement between them at
the TOA. Under clear-sky conditions, the relative difference
1� DRFg

clr=DRF
m
clr

� �
is 23%, while under all-sky conditions,

the relative difference 1� DRFg
all=DRF

m
all

� �
increases to 67%.

This highlights the complexity of determining the all-sky TOA
DRF since the presence of clouds amplifies the sensitivities of
DRF to aerosol single-scattering albedo and aerosol vertical
distribution [Loeb and Su, 2010].
[50] Note the all-sky DRF computations discussed here

explicitly consider clouds in the atmosphere at 3 h temporal
resolution, unlike most published results which simply scale
the clear-sky DRF by clear-sky fraction to approximate the
all-sky DRF. Our comparison indicates that the scaled
DRF tends to underestimate the TOA aerosol cooling effect
if non-absorbing aerosols dominate and underestimates the
TOA warming effect if absorbing aerosols dominate.
Regionally, all-sky DRF differs from the scaled DRF by
up to 200% at the TOA.
[51] Large difference between measurement-based and

model-based all-sky DRF demonstrates the need for improved
aerosol characterization from satellite and ground measure-
ments. Aerosol optical depths simulated by models are
systematically smaller than those retrieved from satellite
measurements; thus, reducing the discrepancy in aerosol
optical depth is the first step to narrow the difference in
aerosol DRE and DRF. The large sensitivity of DRF to
single-scattering albedo also emphasizes the need for

a) d)

e)

f)

b)

c)

MODIS/MACTH DRF GOCART DRF

Figure 11. All-sky aerosol direct radiative forcing (Wm�2) for JJA 2004 (a and d) at the TOA (gray color
indicates forcing is within �0.25Wm�2), (b and e) within the atmosphere (gray indicates atmospheric
absorption is less than 1Wm�2), and (c and f) at the surface (gray indicates surface cooling is less than
1Wm�2). The left panels are fromMODIS/MATCH aerosols, and the right panels are fromGOCART aerosols.
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accurate global measurements of absorption by aerosol
type. AERONET provides critical single-scattering albedo
retrieval, but its spatial and temporal coverage prevent
the establishment of a global aerosol absorption data set.
New measurement techniques and retrieval algorithms are
necessary as well to reduce the single-scattering albedo
uncertainty under relatively small optical depth. Furthermore,
under all-sky conditions, the vertical distribution of absorbing
aerosols is also critical in determining all-sky DRF. Vertical
profiles of absorbing aerosols from CALIPSO measurements
provide an opportunity to constrain the aerosol vertical
distribution among models. We expect the constrained aerosol
vertical distribution to reduce the discrepancy of DRF from
different models.

[52] Acknowledgments. This work was funded by NASA’s Earth
Science Enterprise. We thank Thomas Diehl and Qian Tan from NASA
GSFC for providing GOCART simulations.
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